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Abstract: For a targeted development process of foot prostheses, a profound understanding of the
dynamic interaction between humans and prostheses is necessary. In engineering, an often employed
method to investigate the dynamics of mechanical systems is Hardware-in-the-Loop (HiL). This
study conducted a fundamental investigation of whether HiL could be an applicable method to
study the dynamics of an amputee wearing a prosthesis. For this purpose, a suitable HiL setup is
presented and the first-ever HiL test of a prosthetic foot performed. In this setup, the prosthetic
foot was tested on the test bench and coupled in real-time to a cosimulation of the amputee. The
amputee was modeled based on the Virtual Pivot Point (VPP) model, and one stride was performed.
The Center of Mass (CoM) trajectory, the Ground Reaction Forces (GRFs), and the hip torque were
qualitatively analyzed. The results revealed that the basic gait characteristics of the VPP model can
be replicated in the HiL test. Still, there were several limitations in the presented HiL setup, such as
the limited actuator performance. The results implied that Hil. may be a suitable method for testing
foot prostheses. Future work will therefore investigate whether changes in the gait pattern can be
observed by using different foot prostheses in the HiL test.

Keywords: hardware-in-the-loop; prosthetic feet; prostheses testing; virtual pivot point model;
real-time hybrid substructuring; real-time hybrid simulation

1. Introduction

An important purpose of prostheses is to emulate the function of a lost limb and
facilitate the independent life of the user [1]. In this paper, the focus is placed on foot pros-
theses. The purpose of the foot in walking and standing is diverse. Active balancing, body
weight support, adapting to different terrain, and pushing off the ground for propulsion
are some of the foot’s functions [2]. Mimicking the foot’s function with a prosthetic foot is
challenging, which causes an altered gait pattern of amputees compared to able-bodied
humans [3]. The remaining intact body parts are used to compensate for the lost function-
ality, which leads to excessive loading. Typical consequences for prosthesis wearers are
a shorter stance time on the amputated leg, slower gait velocities, and increased energy
consumption. Furthermore, changes in foot placement and a lift of the hip during swing
phase are observed. As a result, this compensatory behavior can lead to serious long-term
consequences, such as osteoarthritis, osteoporosis, and back pain [4]. To improve prosthetic
feet further and minimize these side effects, the understanding of how amputees adapt to
different prosthetic feet needs to be enhanced. Testing procedures that include the dynamic
interaction between the amputee and a prosthesis are therefore desired.

In the industry, a variety of test methods are commonly used. For the approval of
prostheses, standardized test procedures are defined in ISO 10328, ISO 22523, ISO 22675,
and ISO 16955 [5,6]. These procedures include strength tests and tests of the dynamic
loading conditions during heel to toe movement. However, these tests do not consider
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the interaction between the prosthesis and the user, i.e., how certain properties benefit
a user. Further testing methods commonly applied can be classified into model-based,
human-based, and robot-based testing [7]. While model-based testing can be performed
in the early development stage, the modeling process is complex and the validation of
the models is difficult [1,8]. Human-based testing offers a great insight into the gait
dynamics of amputees and the dynamic interplay between a user and the prosthesis [7,9].
However, the drawbacks of human-based testing are that the results are subjective and not
repeatable [10,11]. In addition, the safety of the subjects is always paramount, leading to a
limitation of possible testing scenarios. Robot-based testing is an objective and repeatable
approach to test prosthetic feet [10]. These tests do not take the dynamic interplay between
the prosthesis and the amputee into account, however. This means that the loading
trajectory of the robot does not adapt depending on the resulting forces of the prosthesis,
which a human would do (posture, walking speed, etc.).

All of these test methods have their advantages and shortcomings. Ideally, a test-
ing procedure is robot-based—due to the objectivity, the possibility to measure different
quantities easily, the test repeatability and because no test subjects are required—while
still emulating the dynamics of the prosthesis wearer. A novel approach for testing of foot
prostheses could therefore be Hardware-in-the-Loop (HiL). HiL is a combination of model-
based and robot-based testing, where the amputee is modeled and the prosthetic foot is
tested experimentally. Human modeling is extremely complex and requires a great under-
standing of gait dynamics. The modeling of the human gait requires some simplifications.
Nevertheless, a HiL approach allows studying the dynamic interaction without the need
for test subjects. The modeled amputee and the prosthetic foot exchange information in
real-time to couple them, that is to analyze their dynamic interplay. This idea is visualized
in Figure 1.

Figure 1. To investigate the gait dynamics of an amputee wearing a prosthesis, the application of
HiL is proposed. The simulated amputee is coupled with the experimentally tested prosthetic foot.
The coupling is achieved by an actuator (Stewart Platform in the figure) and a force-torque sensor.
The prosthetic foot is moved by the actuator according to the calculations of the simulated amputee.
The picture of the amputee is adapted from [12], license CC BY 4.0.

While the idea of testing prosthetic feet using HiL. was already proposed before
by [7,11], the realization/implementation has not been performed yet. This paper therefore
literally aims at taking this first step, i.e., implementing a HiL test for prosthetic feet.
Specifically, the aim of this article is to show the basic feasibility of conducting a HiL test
that is able to replicate the dynamic interaction between an amputee and a prosthesis. This
first proof-of-concept makes use of a simple human gait model that is able to emulate the
gait characteristics during the stance phase. A modified version of the Virtual Pivot Point
(VPP) model is used in this work to simulate the amputee, and one gait cycle is performed.
We hypothesized that the results of the HiL test would qualitatively resemble the gait
characteristics of the VPP model and therefore emulate human gait dynamics.
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The remainder of the paper is structured as follows. The groundwork with an introduc-
tion to HiL and human gait modeling is laid in Section 2. In Section 3, the implementation
is described. For that purpose, the model of the amputee is explained and the Equations
of Motion (EoMs) are derived. Furthermore, the parameters used and the experimental
setup are described. The results of one gait cycle are presented and discussed critically
in Section 4. Finally, a brief summary of the paper is given and a conclusion is drawn in
Section 5.

2. State-of-the-Art

This section introduces HiL and sets the notation for this article. For the realization of
the HiL setup, the amputee needs to be modeled. This work makes use of a gait model
found in the literature of biomechanics.

2.1. Fundamentals of Hardware-in-the-Loop

In Hardware-in-the-Loop (HiL), critical components are tested experimentally (experi-
mental part) and coupled in real time with a simulation of the surrounding mechanical
system (numerical part). Due to the coupling, the critical components are tested with
realistic boundary impedance, and the loading of the components in the test is the same
as it will be in real operation. In this work, mechanical-level HiL. (denoted as HilL) was
employed, which is also called real-time hybrid substructuring/simulation in the liter-
ature [13]. In mechanical-level HiL, the dynamical interaction between components of
a system is analyzed by the exchange of force and displacement/velocity information.
The coupling is performed by the transfer system, which comprises a controlled actuator,
a Force-Torque Sensor (FTS), and a Digital Signal Processor (DSP).

The standard signal flow to couple the numerical and experimental parts is as follows;
cf. Figure 2. The explanations are given for the special case of one numerical and one
experimental part, as this is the case in this work.

lF&IPM ng%P
z | Controlled z'
Actuator ”
Numerical @ Transfer Experimental
Part System Part
Fint FTS and Force
@ - Adaptation

Figure 2. To couple the numerical (in blue) and experimental part (in green), a transfer system (in
orange) is used. The transfer system consists of a controlled actuator, an FTS, and a DSP. The DSP is
not visualized in the figure.

The numerical model solves for the interface Degrees of Freedom (DoFs) (Vectors are
indicated by variables written in bold. Variables printed in normal type are scalars.) z
using a numerical time integration scheme, typically with a fixed sampling time of AT. The
actuator performs the position command and excites the experimentally tested component
by the achieved motion z’. Due to this loading, interface forces Fy; build and can be
measured by the FTS. The block Force Adaptation denotes any filtering of the measured
signals or transformations of the coordinate system. The measured interface forces are
used for the next time integration step. The numerical, as well as the experimental part
can be excited by external forces, which are denoted by FAUM and FEXT, respectively.
The exchange of displacement and force information is performed at a fixed sampling time,
which is the synchronization time step AT.
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HiL testing of foot prostheses has not been reported so far, and the purpose of this
work was to set the foundation for such tests. This application of HiL is particularly
challenging because of the transition from noncontact to contact, requiring a very robust
control of the transfer system.

2.2. Basic Human Gait Models

Based on data from gait laboratories, various walking and running models have been
proposed to describe the gait pattern. The HiL test requires a model of the amputee that
implements basic gait characteristics. Furthermore, the model needs to be solved in real
time, i.e., within the sample time AT. For this first proof-of-concept study, a model with
low complexity while still being able to represent basic gait characteristics was sought.

Walking is a repetitive motion, and the movement and time interval between two
successive events is called the Gait Cycle (GC). In this work, the GC starts when the
Center of Mass (CoM) is above the left foot and terminates one stride later, i.e., at the next
midstance of the left foot. During this GC, the left, as well as the right foot pass through
the stance phase (60 % of the GC) and the swing phase (40 % of the GC). The CoM motion
resembles a sinusoidal motion with a magnitude of 0.032 £ 0.008 m during a GC [14].
A further fundamental gait characteristic is the shape of the Ground Reaction Forces (GRFs)
in the horizontal (x) and vertical (y) direction. The GRFs are the forces that the ground
exerts on the body. In the horizontal direction, a point symmetric force profile is observed,
where decelerating forces (negative x direction) are measured in the first part of the stance
phase and accelerating forces are measured in the second half of the stance phase (positive x
direction). Typically, the shape of the GRFs in the vertical direction exhibits a double-hump
shape, with a minimum between the two humps (m-shape) [14-17].

This work made use of the two-dimensional Virtual Pivot Point (VPP) model by
Maus et al. [18], which is based on the Spring-Loaded Inverted Pendulum (SLIP) template
model [19].

The model is illustrated in Figure 3. The upper body is represented as a trunk, where
the whole body mass is concentrated. The legs are modeled by massless springs. This
model was based on the observations that the GRFs intersecting in one or more points
above the CoM, resulting in a constellation similar to a physical pendulum [20]. This
intersection point is observed in humans on treadmills (Note that the VP is only observed
during the single support phase in humans [21]. However, the VPP model assumes that the
GRFs are also redirected into the VPP during the double-support phase.) and animals such
as dogs and chickens. The principle is named the Virtual Pendulum (VP), as it stabilizes
the trunk orientation. The VP principle was implemented in the VPP model. In this model,
the GRFs are actively redirected into the VPP by the implementation of an additional hip
torque Typpj (with j = {L, R} for the left and right leg) [18,22].

The resulting hip torque is calculated for each leg j = {L, R} independently during
contact with the ground by:

TVPPj = Fr,jlj with PT,j = PS,]' tan (')’VPP,]') = k](l(),] — l]) tan("yvpp,j). (1)

Here, lp; and ; describe the initial and current leg length, and the leg stiffness is denoted
by kj. The required F; to redirect the leg forces Fs; into the VPP depend on the angle yypp;
between the leg axis and the connection of the foot point xgp;j to the VPP location (the
equations describing the calculation of [;, yyppj, etc., are given in Appendix A). The total

GREFs result:
GRF]' = FSZ,]- + P‘%,j = Ps,]' 1+ tan? (’)/VPRJ') 2)

Xh — XFpj
GREx = GRE———" €)

J

_ Yn
GREy = GRF]?, 4
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where the indices (-)x and (-)y denote the projections of the forces into the x and y direction
and the index ()}, denotes the hip joint. The GRFs are calculated when the leg is on the
ground, i.e., between Touch Down (TD) and Take Off (TO). As the legs are massless, they do
not contribute to the dynamics during the swing phase and their GRFs are zero. After TO,
the VPP model assumes that the leg is instantaneously repositioned with a TD angle .
This TD angle is defined by the user.

(xvpp, yvrp)

x XFDj

Figure 3. The hip torque Typp; generates a force F j orthogonal to the leg axis that redirects the GRFs
GRE into the VPP. yypp; represents the angle between the leg and the connection between the foot
point xpp; and the VPP (xvpp, yypp). The orientation of the trunk is defined by ¢ypp. For the sake of
clarity, only one leg (j = {L, R}) is shown here. Figure adapted from [23] (reprinted with permission
from [23], 2020 Holzberger).

Using Equations (3) and (4), as well as the gravitational forces on the CoM mypp and
the moment of inertia Jypp, the EoMs result:

mvppjc' = GRFL,X + GRFR,X (5)
mypplj = GRFLy + GRFry — myppg (6)
—Jvepdypp = rvep (sin(¢vep) (GRFLy + GRFryy) — cos(¢ypp) (GRF_x + GRFry)). (7)

The principle of angular momentum can also be set up differently, as is described
in Appendix B. The VPP model is able to replicate the CoM motion, the shape of the
GREFs, as well as the shape of the hip torque observed in humans [18]. Due to the VPP
controller (hip torques typp;), the model is able to stabilize the trunk and overcome some
disturbances, such as small steps. Still, this is a simple conceptual model representing
human gait dynamics.

3. Experimental Setup and Parameters

This section presents the full HiL setup used to perform one stride. The numerical part,
which consisted of the modeled amputee, the transfer system used, and the experimental
part, are described. Additionally, all parameters are given.



Appl. Sci. 2021, 11,9492

6 of 16

3.1. Modeling an Amputee Using the VPP Model

The VPP model, which is described in Section 2.2, models the gait dynamics of an
able-bodied person. Because the HiL setup requires a model of an amputee, this model
needs to be modified. These modifications are described in the following.

3.1.1. Model of the Amputated Leg

To model the amputee, the right leg (index R) is cut at the ankle, which is the interface
location in this HiL setup. The total leg length of the right leg is I, which results from
the height of the prosthetic foot i and the leg length of the remaining leg I, (resting
spring length Iy ,; index (-)y denotes the upper part of the amputated leg). In the HiL
setup, the prosthetic foot needs to be moved according to the end point of the amputated
leg. However, it is numerically not trivial to calculate this position. This is because the
amputated leg and the prosthetic foot are as two springs in series, which have to experi-
ence the same force. Since the stiffness of the prosthetic foot is not known, the interface
location between the amputated leg and the prosthetic foot cannot be calculated. Therefore,
an additional DoF is inserted by adding a point mass mypp at the ankle [24]. Taking a
very small value for that mass compared to the model mass (mpp < mypp), the system
dynamics are barely modified. This point is called the Interface Point (IFP) at the location
(x1pp, yirp ). The mass IFP forms a vibratory system and introduces artificial high-frequency
dynamics. To dampen these oscillations of this point mass, an additional damper with
damping constant d,, is inserted in the remaining leg. The modified VPP model is shown
in Figure 4.

/

(xh/ l/h)
(xVPP/ yVPP)

X
XFPL XFPR
GRE.

Figure 4. Model of the amputee based on the VPP model. The right leg is cut, and a point mass mrp
is added to serve as an interface point between the simulation and experimental system. A damper
between the hip and point mass is added to reduce oscillations. The resting leg length of the remaining
upper part of the right leg is Iy ,,. At the interface point (xirp,yrp), the measured forces/torque Fi;
act on the model. Figure adapted from [23] (reprinted with permission from [23], 2020 Holzberger).

As described in Section 2.1, measured interface forces Fy are the input to the simula-
tion model (in this model, the external forces F)’M only include the gravitational forces).
As this model is a two-dimensional model, the vector Fy; comprises two forces and one
torque. In this application, this is a force parallel to the leg axis F |, a force orthogonal to

the leg axis F,; | , and a torque about the z axis Min;.
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The motion of the interface mass point is restricted to the leg axis, and the gravitational
forces acting on it are neglected. The internal dynamics of the leg with the added IFP and
damper are written as:

miply = Fing || — dulu — ku(lu — lon) = Fing || — Fu- 8

In this equation, the forces of the spring-damper element are abbreviated as F,. Note
that the dissipated energy of the damper is assumed to be negligible compared to the total
system energy of the modeled amputee and therefore not compensated.

3.1.2. Center of Pressure Shift

The idea of the VPP model is that the GRFs always point to the VPP. To calculate
the required hip torque, the location where the GRFs are applied needs to be known.
In the simple VPP model of Section 2.2, the point of application of the GRFs was easy to
find since the leg was supposed to make contact with the ground at a single point xgp;
corresponding to the intersection between the ground and the leg axis. When a foot is
considered, the point of application of the forces is not necessarily anymore on the axis of
the leg since the point of contact between the foot and the ground can travel during the
stance phase. In human walking, a shift of this point from the heel to the toes during the
stance phase can be observed, and this point is called the Center of Pressure (CoP) [25].
The CoP of the right foot is henceforth denoted by xcopr, and the foot point xgpr marks
the intersection of the leg axis with the ground. The location of the CoP is necessary for the
calculations of the modeled amputee due to the required angle yyppr. This angle is defined
as the angle between the leg axis (here: connection xcopr and (xy, yy)) and the connection
between the CoP and the VPP (here: connection xcopr and (xypp, yvpp)). The geometry
and the forces acting on the foot are illustrated in Figure 5.

A F,
o ! (X, yn) S

XFPR XCoPR

GRER
XCoPR XFPR

(a) (b)
Figure 5. The implementation of the VPP model assumes that the GRFs act at the CoP. The figures
were inspired by [23] (reprinted with permission from [23], 2020 Holzberger). (a) The implementation
assumes a linear shift of the CoP from the heel to the toes depending on the leg angle ag. (b) The
measured forces Fi result from the GRFs. Inertial forces and gravitational forces are neglected.

How the CoP shifts from the heel to the toes needs to be prescribed (The CoP loca-
tion could also be determined from a torque equilibrium about the ankle joint using the
measured forces and torques. This approach offers some difficulties: firstly, the inertial
forces need to be determined, and secondly, our experiments revealed that the noise in the
force measurement leads to a noisy calculation of the CoP location). This work assumed a
CoP shift depending on the angle ag between the leg and the ground. The implemented
relationship is written as:

nlh aR +c1, forag <
R T C1 R
2%

Lig
e aR +cp, forag >

©)

XCoPR =

7

NR NI
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using the TD angle «g, as well as the geometric dimensions of the foot I}, and I (see
Figure 5b). Furthermore, an assumption of the TO angle a1o is required. The constants c;
and ¢; are found using xcopr = XppRr at ag = 5. This CoP shift is also implemented for
the left, intact leg (xppy, is replaced by xcopL in the equations).

Note that, in this model, the ankle joint is modeled as being stiff. This is because an
amputee loses the bi-articular muscles at the ankle joint in an amputation and is not able to
actively apply an ankle torque.

3.1.3. Equations of Motion

These modifications result in a new set of EoMs: While the dynamics of the left leg
(index L) still contribute to the EoMs as in Equations (5)—-(7), the contributions of the right
leg (index R) change. In the VPP model, forces orthogonal to the leg axis solely result
from the hip torque. In the HiL tests with the real prosthetic foot, however, there are
forces acting at the CoP orthogonal to the leg axis. These forces are measured by the
FTS, i.e., Fint 1 # ON, which results in a hip torque F; | Iz. To satisfy the VPP concept,
the GRFs need to be redirected to the VPP by the VPP controller. According to Equation (1),
the total hip torque T, r to redirect the forces along the leg axis Fy,; | (corresponds to Fy; in
Equation (1)) into the VPP:

ThR = —Fing | tan(yveer) IR (10)

= TppR — Fint, 1 [R- (11)

Equation (11) shows that the total hip torque comprises the contributions of the VPP
controller (typpr) and the torque resulting from F; | . Solving Equation (11) for Typpr
and dividing by [, the orthogonal forces applied at the foot point by the VPP controller

T
Frr= % are:

Frr = Fint, 1 — Finy, | tan(yvepr)- (12)

Overall, the EoMs for the model of the amputee are written as:

myppX = GRF x + Fux — Fint, 1 x + Fr R x (13)
mypplj = GRFLy — Fuy — Fint, 1y + Frry — Mvppg (14)

—Jvepdvep = rvep (sin(¢vpp) GRFy,y — cos(¢vpp) GRF x)
+ 11 (cos(@vpp) (Fux — Fint, 1 x + Fr,rix)) (15)

+7h (Sin(<PVPP) (Fuy + Fnt, Ly — FT,R,y)) + Th R,

In the principle of angular momentum, the first line in Equation (15) is the contribution
of the left, intact leg and the second and third lines are the contributions of the right,
amputated leg.

3.2. Transfer System

The transfer system in a HiL test comprises an actuator, a DSP, and an FTS. The actuator
used was an in-house built Stewart Platform. Parallel robots have a high load capacity,
a high rigidity, and a high positioning accuracy [26]. The Stewart Platform was controlled
with a decentralized controller, i.e., each leg was controlled individually. The upper plate
of the Stewart Platform has six DoFs (three translations, three rotations). A cascaded
control scheme was implemented and a velocity feedforward controller used to improve
the actuator agility. Details about the controller implementation can be found in [27].

The implementation of the modeled amputee and the actuator control were performed
in MATLAB®/ Simulink®(Version R2016b, The MathWorks Inc., Natick, MA, USA). In the
real-time application, these ran on a MicroLabBox d51202 from dSPACE, which was used
as the DSP. The application was controlled from the host PC via ControlDesk® (Version 6.0).



Appl. Sci. 2021, 11, 9492 90f 16

The Kistler multicomponent dynamometer (Type 9129AA, Kistler Instrumente GmbH,
Sindelfingen, Germany) was used as the FTS [28]. This sensor is built with piezoelectric
sensors, which are well suited to measure highly dynamic processes. The experimental
setup is visualized in Figure 6a.

@) (b)
Figure 6. The transfer system and the experimental part are depicted. (a) The experimental setup
consists of the prosthetic foot, the FTS, and the Stewart Platform. (b) The C-Walk foot 1C40 by
Ottobock with silicone cosmesis (© by Ottobock).

3.3. Experimental Part

The prosthetic foot used in the test was the Ottobock 1C40 C-Walk. This is an En-
ergy Storage And Return (ESAR) foot [1]. During the stance phase, the carbon spring
stores deformation energy, which is unloaded during take off to propel the body forward.
The prosthetic foot is depicted in Figure 6b.

3.4. Parameters

This section summarizes the parameters used to conduct one stride with the presented
HiL setup. The parameters are given in Table 1.

Table 1. Parameters and initial conditions used in the HiL test.

Variable Value Variable Value
ZO,L/ lO,R Im lO,u 0.84m
mvypp 30 kg hf 0.16m
Jvpp 3kgm? MEp 0.005 kg
kt, 5.4 x 103 N/m ku 1.1 x 103N/m
oo 75° dy 4.69kg/s
vPP 0.25m Th 0.1m
X Om X 0.97633m/s
Yo 1.0709 m ) 0m/s
Pvrro Orad ()bVPR 0 —0.0071 rad/s
Solver Euler AT 0.0002's
AT 0.001s

The stability of gait models is highly sensitive to the chosen parameters and initial con-
ditions. Due to several hardware limitations of the Stewart Platform, such as limited work
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space (due to limited actuator stroke), limited maximum actuator velocity/acceleration,
and limited maximum force, a scaled model of the amputee had to be found. Using an
optimization algorithm, the model parameters and initial conditions (index (-)o) as sum-
marized in the table were found for the VPP model. With this set of parameters, the VPP
model was able to walk continuously for >50 steps. However, this parameter set is biome-
chanically not meaningful, because this would be a very lightweight person on long legs.
Additionally, the TD angle was quite steep compared to human walking.

The numerical simulation needed to run with a small sample time such that the
simulation was numerically stable. Furthermore, the sample time AT could not be too
small because the model still had to be solved in real time. In the preliminary analysis,
a sample time of AT = 0.0002s proved successful. Furthermore, the sampling of the
interface forces was performed with AT = 0.0002s. The actuator control ran with a sample
time of AT = 0.001s.

4. Experimental Results

With the HiL setup and the parameters presented in Section 3, one stride was per-
formed. The following experimental results reflect the measured data during this GC.
The stride begins with the single support phase of the left, intact leg. With the TD of the
right, amputated leg, the body weight is shifted to the amputated leg, and the prosthetic
foot is loaded. With the TO of the left leg, the right leg takes over the full body weight.
Then, the left leg touches down again, and the HiL test is concluded at midstance of the
left leg. The goal of this study was to investigate whether an experimental test using the
presented HiL setup was feasible and, if so, whether basic gait characteristics according to
the VPP model could be replicated in the test.

This test was performed three times, and similar results could be observed in each of
the trials. For the sake of clarity, only one of the trials is presented.

4.1. Results of One Gait Cycle

Firstly, the trajectory of the CoM was analyzed. The results of the HiL test are shown
in Figure 7. The CoM trajectory exhibited a sinusoidal shape in y direction. The maxima
were when the CoM was above one leg (midstance). For the left left leg, this was at x = O0m
and x ~ 0.6m, and right midstance occurred at x ~ 0.3m. The oscillation magnitude
was ~ 0.04 m, which corresponds well with the observations made in human walking
(0.032 £ 0.008 m [14]). In continuous human walking (and also for stable walking models),
the motion trajectory oscillates with a constant magnitude. In this HiL test, the magnitude
increased, or in other words, the CoM was lifted excessively for x > 0.45m. In this phase,
the prosthetic foot rolled over the forefoot. Since the ankle joint is not flexible, the CoM
needed to be lifted.

115 , ,
--- TDright '

- - -TOright i

111k :-_-TD left |

yinm

1.05

L |
0 01 02 03 04 05

1

X in m

Figure 7. CoM trajectory of the modeled amputee during one GC in the HiL test.

Next, the orientation of the trunk was analyzed. The results are visualized in Figure 8a.
The figure reveals that the trunk rotated backwards throughout the whole GC. For contin-
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uous walking, an oscillations of the trunk about 0° was expected. This suggests that the
model is about to fall backwards and that the parameters used for the simulation do not
lead to a continuous gait pattern. The duration of the GC was 0.67 s, which corresponds to
the duration of the GC in a pure simulation of the VPP model with the same biomechanical
parameters and initial conditions. The proportion of the stance phase of the right leg in the
GC was 85%. In normal human walking, this is only 60%. The single support phase of the
right leg was relatively short with 17% of the GC. The reason might lie in the relatively slow
forward velocity of the model that was selected to meet the hardware limitations of the
Stewart Platform: when humans walk slowly, the stance time, as well as the double-stance
phase increase, because the body needs to be balanced more [14].

o 0 : : — 5
5 l e 09 L :
& ' : I g i : i
g - - - TD right . g " - - - TD right ! i
_27--‘-TOright : ! ---TOright : :
- == TD left ; 0.8 |-~ TD left ; :
————— TO left ! ! -=-TO left : i
I I I L n — ' !
40 0.2 0.4 0.6 0 0.2 0.4 0.6
Timeins Timeins
(a) The trunk orientation. (b) CoM forward velocity.

Figure 8. The CoM trajectory, as well as the trunk orientation of the modeled amputee during the
HiL test of one GC.

The modeled amputee, as shown in Figure 8b, initially walked at a speed of 0.98 m/s
(the preferred walking speed of able-bodied people is 1.36 m/s). During the GC, the forward
velocity decreased to 0.78 m/s. Together with Figure 8a (backward movement of the trunk,
¢vpp < 0°), this revealed that the model lost energy and could not walk stably with the
selected parameters and initial conditions. There are several reasons for this: The initial
values of the gait model were found based on an optimization of the VPP model that did
not include the CoP shift. Due to this forward shift, the time span where the CoM was
behind the foot point (in x direction) was prolonged. Since the CoM decelerated as long as
the CoM was behind the foot, the system energy decreased. A further reason why energy
was lost is the added damper. The amount of dissipated energy was not compensated.
With respect to the system energy, this energy dissipation was small (=5%). Due to the
three-dimensional foot, the CoM was lifted in the second half of the right leg’s stance phase
(cf. Figure 7). The conversion of kinetic energy into potential energy is a further reason
why the CoM velocity decreased. Furthermore, there was energy lost in the foot impact
and by the deformation of the prosthetic foot. Based on these results, one can assume that
the model would not be able to complete a second stride and would tip over backwards.

Another important characteristic of human gait is the GRFs, as illustrated in Figure 9a.
The GRFs in the vertical direction (GRFR y) represent the typical m-shape with two maxima
and one minimum in between. Similar to observations made in human walking, the maxi-
mum values featured a magnitude of approximately 110% of the body weight. The GRFs
in anterior/posterior direction (GRFg x) met the expectations: the absolute value of the
maximum forces (=50 N) was lower than 25% of the body weight, and the measured forces
changed sign from negative to positive over the course of the stance phase [15]. Hence,
the shape of the GRFs was as expected and observed in humans. However, the second
hump of the GRFs in y exhibited a steep initial rise, which resembled an impact. The reason
for this sharp increase lies in the performance limitations of the Stewart Platform and the
high stiffness of the prosthetic foot. The commanded and the real displacement of one leg
of the Stewart Platform during this HiL test are visualized in Figure 9b.



Appl. Sci. 2021, 11, 9492

12 of 16

When the prosthetic foot rolled over its forefoot, the forces increased, and the VPP
model would lift (at t > 0.4s). Even though the Stewart Platform was driven at its limits
(maximum motor voltage), it was not able to follow the desired motion, and the GRFs
increased sharply. In case a more powerful hardware setup is used, this limitation could
be circumvented.

400 150 : ‘
—— desired
S
g —— real
[
4 E 100 s
3 8
—
o 8
=~ § 50 |- s
oM k3]
<
| | | | | | O | | |
01 02 03 04 05 0.6 0 0.2 04 0.6
Time in s Time in s

(@) (b)
Figure 9. Measurement data during the HiL test. (a) The GRFs in the x and y direction during the
stance phase of the right leg. The black dashed line indicates the body weight. (b) The desired and
real displacement of the Stewart Platform’s Leg 1 are shown. Leg 1 undergoes the largest motion
command of all six legs.

Within the implementation of the VPP model, a hip torque was included to stabilize
the trunk. The hip torque of the right hip 7, g (see Equation (10)) is depicted in Figure 10
normalized over the body weight and leg length. A positive hip torque was seen in the first
half of the stance phase, which prevented the trunk from falling forward, and a negative
hip torque was applied in the second half to counteract a backward rotation of the torso.
This general tendency met the expectations based on human gait analysis [17].
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Figure 10. Total hip torque normalized over body weight and leg length during the stance phase of
the right leg.

4.2. Discussion

The results revealed that the gait characteristics of the HiL test qualitatively resembled
those of the VPP model. This implies that the dynamic interaction between the prosthetic
foot and the amputee can be replicated by a HiL setup. Nevertheless, there were some
limitations in the current implementation that prevented accurate mimicking of human
gait characteristics.
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The biomechanical parameters used in this study had to be selected based on several
hardware limitations of the Stewart Platform and the suspension frame. These parameters
represent a light person (mypp = 30kg) with long legs (lp; = 1m) and a relatively steep
angle of attack (wp = 75°), which is biomechanically not meaningful. Neither, this test was
able to replicate the gait dynamics of amputees observed in gait laboratories (asymmetry,
energy consumption, etc.). Nevertheless, this study did not claim to quantitatively emulate
a walking amputee, but rather to investigate whether a HiL test of a human wearing a
prosthetic foot was feasible.

The VPP model was a good basis to model the amputee for this first proof-of-concept
study. In the future, making further adaptations to the implemented VPP model is desirable.
For example, the initial conditions should be tuned. Furthermore, the trajectory of how
the CoP shifts from the heel to the toes could be implemented based on observations in
humans. Furthermore, using more complex models that more realistically model human
gait is targeted. A suitable model could be the neuromuscular-skeletal model by Geyer
and Herr [29], which includes the foot geometry and models the legs more realistically.

Even though this first HiL test worked in the sense that basic gait characteristics
could be replicated, no final conclusion can be drawn whether HiL is a suitable future
testing method for prosthetic feet. As next steps, the VPP model can be further tuned (e.g.,
mass, stiffness, initial conditions) or changes to the prosthetic foot made (mounting, e.g.,
with different rotations or shifting it forward /backward). With these tests, we wanted to
investigate whether changes in the gait dynamics of the modeled amputee were visible.
If this were the case, HiL tests could be a meaningful means to understand the dynamic in-
teraction of humans and prosthetic feet better and improve foot prostheses. From these first
results, the following requirements for prostheses testing with HiL can be inferred: Power-
ful hardware is required in order to replicate the dynamic motion. This includes, i.a., a stiff
actuator, high computation power, and a stiff suspension frame. Furthermore, the accuracy
of the gait characteristics was just as good as the underlying model of the amputee.

5. Summary and Conclusions

This paper provided a proof-of-concept about whether HiL is generally suitable to
represent the dynamic interaction of a human with a prosthesis. For that purpose, a HiL
setup of a modeled amputee and a prosthetic foot was developed, which performed
one stride. The amputee was modeled based on the Virtual Pivot Point (VPP) model.
The modifications of the VPP model included (i) the insertion of a mass interface point at
the ankle joint, (ii) the insertion of a damper along the leg axis to dampen oscillations of the
mass interface point, and (iii) the implementation of a forward shifting center of pressure,
which is the point where the ground reaction forces are applied. The results of the HiL
test showed the center of mass motion and velocity, the ground reaction forces, and the
hip torque of the amputee during one stride. All these quantities qualitatively emulated
human gait characteristics well and revealed the potential of HiL to emulate the dynamic
interaction between the human and the prosthesis. Differences from the VPP model can be
explained by the modifications made to model the amputee and the limited performance
of the used Stewart Platform. This work therefore forms the basis for further work and to
develop HiL as a test method for prosthetic feet. There are still many research questions to
be answered before HiL can be used as a test method. In the future, more complex gait
models will be implemented. Additionally, different prosthetic feet will be mounted and
the parameters of the human gait model altered to investigate how gait characteristics
change. This analysis will help to understand the dynamic interplay between a human and
prosthetic feet better.
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Abbreviations

The following abbreviations are used in this manuscript:

CoM  Center of Mass

CoP Center of Pressure

DoF Degree of Freedom
DSP Digital Signal Processor
EoMs Equations of Motion

FP Foot Point

FTS Force-Torque Sensor
GC Gait Cycle

GRF Ground Reaction Force
HiL Hardware-in-the-Loop
IFP Interface Point

SLIP  Spring-Loaded Inverted Pendulum
TD Touch Down

TO Take Off

VP Virtual Pendulum

VPP Virtual Pivot Point

Appendix A. Equations to Evaluate the VPP Model

To evaluate Equations (1)—(7), the following kinematic relations are required:

Xp = X — rp sin(¢ypp) xypp = X + rypp sin(¢vpp)
Yn = Y — rn cos(Pypp) yvpp = Y + rypp cos(¢pypp)

Ly = \/(xFP,j —xn)2 + v

The angles a; between the leg axis and the ground, as well as yypp;j between the leg
axis and the connection of the foot point and the VPP are calculated as:

aj = arctan Y
XFPj — *h

Yvppj = arctan __Yver ) ;.
XFPj — XVPP

Appendix B. Principle of Angular Momentum in the VPP Model

The principle of angular momentum can be set up in two different ways. In the first
case, the whole VPP model is considered (cf. Equation (7)). The GRFs are the external
forces, which act at the VPP (distance rypp from the CoM). In the second case, a free body
diagram of the trunk is considered, i.e., the leg is cut away. Then, the GRFs act at the hip



Appl. Sci. 2021, 11,9492 15 of 16

(distance r, from the CoM), and the hip torque becomes visible. The two mathematically
equivalent sets of equations are written as:

— Jvepdvpp =
= rypp (sin(¢ypp) (GRFy + GRFgy) — cos(¢vpp) (GRFLx + GRFrx))
= rn(cos(¢vpp) (GRFx + GRFR x) — sin(¢ypp) (GRFLy + GRFRy)) + TyppR + TvPPL-

The principle of angular momentum is set up about the positive z direction of the
coordinate system. Note that the angle ¢ypp is positive when the trunk rotates forward,
which is the negative z direction. Hence, the left-hand side of the principle of angular
momentum requires a negative sign.
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